The two cluster anions, PtMgH 3 À and PtMgH 5 À , were studied by photoelectron spectroscopy and theoretical calculations. Experimentally-determined electron affinity (EA) and vertical detachment energy (VDE) values were compared with those predicted by our computations; excellent agreement was found. The calculated structures of PtMgH 3 À and PtMgH 3 both exhibit Z 2 -bonded H 2 moieties. Activation of these H 2 moieties is implied by the elongation of their bond lengths relative to the bond length of free H 2 . The calculated structures of PtMgH 5 À and PtMgH 5 both exhibit all-hydrogen, five-member, s-aromatic rings.
Introduction
The interaction between hydrogen and small bimetallic clusters containing precious metal elements has gathered considerable attention in catalysis, e.g., in hydrogenation and dehydrogenation reactions. [1] [2] [3] [4] [5] [6] [7] Doping commonly used hydrogenation or dehydrogenation catalysts, such as Ni, Pd, Pt, with another metal has been found to be beneficial in fine-tuning catalytic activity, e.g., by lowering the H-H bond activation barrier. 2 Nevertheless, studies exploring the reasons for why mixed metal catalysts are better than single metal ones are scarce. It has been suggested that doping can tune the electronic structure by adjusting the position of the d-band center. 8 A theoretical study on H 2 dissociation by doped Ni clusters
showed that dopants such as Rh, Pd, Pt, and Au could lower the H 2 activation barrier. 2 A density functional theory study observed that the adsorption of H 2 on Au n Cu m clusters enhanced the stability of the whole cluster. 4 A comparative study of CH 3 OH dehydrogenation on Pt 7 versus Pt 5 Ni 2 found that charge transfer from Ni to Pt increased the electron density on the platinum atoms' 5d orbital, thereby improving the catalytic activity of the Pt 5 Ni 2 cluster relative to Pt 7 . 5 More recently, we reported that the mixed metal hydride cluster anion, PtZnH 5 À , has a planar five-coordinated structure and unusual stability owing to its s-aromaticity. Here, we extend our study of mixed metal hydride cluster anions to PtMgH 3 À and PtMgH 5 À , characterizing them using a combination of anion photoelectron spectroscopy and theoretical calculations. The geometric and electronic structures of these two systems revealed unique chemical bonding features between their hydrogen atoms and their metal centers.
Experimental and theoretical methods
This work utilized anion photoelectron spectroscopy as its primary experimental probe. Anion PES is conducted by crossing a massselected beam of negative ions with a fixed-energy photon beam and energy analyzing the resulting photodetached electrons. This technique is governed by the energy conservation relationship, hn = EBE + EKE, where hn, EBE, and EKE are the photon energy, electron binding (transition) energy, and the electron kinetic energy, respectively. Our photoelectron spectrometer, which has been described earlier, consists of one of several ion sources, a linear time-of-flight mass spectrometer, a mass gate, a momentum decelerator, a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser for photodetachment, and a magnetic bottle electron energy analyzer, having a resolution of 35 meV at EKE = 1 eV. 9 Photoelectron spectra were calibrated against the well-known photoelectron spectrum of Cu À . 10 PtMgH 3,5 À anions were generated using a pulsed arc cluster ionization source (PACIS), which has been described in detail elsewhere.
11
This source has proven to be a powerful tool for generation metal and metal hydride cluster anions. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Briefly, a B30 ms long 150 V electrical pulse, applied across the anode and sample cathode of the discharge chamber, vaporized Pt and Mg atoms, the sample cathode having been prepared in a glove box by pressing Mg and Pt powders onto a copper rod. Almost simultaneously, 200 psi of ultrahigh purity hydrogen gas was injected into the discharge region, where it dissociated into hydrogen atoms. The resulting mixture of atoms, ions, and electrons then reacted and cooled as it flowed along a 15 cm tube before exiting into high vacuum. The resulting anions were then extracted and mass-selected prior to photodetachment. Density functional theory calculations were conducted by applying PBEPBE functional 23 using the Gaussian09 software package 24 to determine the geometries of both neutral and anionic clusters, the electron affinity (EA) and vertical detachment energy (VDE) values, and the charge distribution. All geometries, including that of the anion and its corresponding neutral molecule, were fully optimized without any geometrical constraints using the 6-311++G (3df, 3pd) basis set 25 for Mg and H, and the LANL2DZ effective core potentials for Pt. [26] [27] [28] The EA value is the energy difference between the ground state of the neutral and the ground state of the anion with zero point energy correction having been applied. The VDE is the energy difference between the ground state of the anion and the neutral, having the same structure as the anion. Natural population analysis (NPA), as implemented in the Gaussian09 code, was also carried out to determine the charge distribution of the anions. The NPA method has been found to be satisfactory in calculating the charge distribution within clusters. 29 Results and discussion symmetry, is very similar to the PtZnH 5 À anion, the main difference being its shorter Pt-Mg bond. The coordinates of all of these structures are reported in the ESI. † The charge distribution on each atom in both cluster anions was obtained from natural population analysis, and these are marked in blue in Fig. 3 33, 34 In each of these cases, H 2 was bound to the rest of the molecule or cluster by a significant binding energy. Fig. 4 shows the two-electron, three-center (2e3c) molecular orbital of the Pt(Z 2 -H 2 ) bond, overlaid on the PtMgH 3 À framework.
This orbital is very similar to the corresponding molecular orbital in (Z 2 -H 2 )CuCl. 32 Note that the charge on the Mg atom is almost neutral (see Fig. 3 (Fig. 3) . , with the ones outlined in red corresponding to the s-aromatic MO's. Fig. 5(b) shows how the MO's are formed from the combination of atomic orbitals, with those highlighted in red corresponding to the s-aromatic MO's in Fig. 5(a) . It appears that HOMOÀ1 and HOMOÀ4 are the d lone pairs of Pt, while HOMOÀ6 and HOMOÀ7 are the p orbitals of Mg. HOMO and HOMOÀ2 correspond to the s bond between Pt and Mg. These MO's are the bonding and anti-bonding combinations of the 5d z 2 atomic orbital of Pt and 3s atomic orbital of Mg. The most interesting MO's are the HOMOÀ5 and the doubly degenerate HOMOÀ3; they are the s-aromatic objects. These orbitals are formed from the combination of the five 1s atomic orbitals of the five H atoms and 6p and 6s atomic orbitals of Pt. 
